v" Neurological and morphological outcome was evaluated in a rat model of graded spinal cord infarction initiated by a photochemical reaction. In this model, light-dye interactions induce primary microvascular stasis, resulting in consistent patterns of tissue necrosis. Four groups of rats underwent photoinduction times ranging from 30 seconds to 10 minutes. Neurological and electrophysiological functions were assessed starting 1 week after irradiation and continuing for 8 weeks. A functional neurological score was obtained by combining results from sensory and motor tasks, and electrophysiological function was evaluated from the somatosensory evoked potential recordings. In rats irradiated for short periods (30 seconds and 1 minute) mild behavioral deficits were documented. In contrast, electrical conduction was suppressed acutely in both groups; this recovered by 8 weeks to baseline or near baseline in the 30-second group but not in the 1-minute group. In rats irradiated for longer periods (5 and 10 minutes), severe behavioral and conduction abnormalities were detected at both the subacute and chronic testing periods. Although no significant difference in behavior was documented between the 5-and 10-minute groups acutely, the rats with 5-minute photoinduction time demonstrated a significant improvement in behavior over time whereas the group with 10-minute photoinduction time showed no improvement. A severe conduction block was present in both animal groups during the course of the study. Histopathological examination combined with morphometric measurements of the lesion area in cross section revealed four different degrees of spinal cord necrosis which correlated significantly with photoinduction times and neurological scores at 8 weeks. Reproducible degrees of ischemic damage to spinal cord parenchyma following primary microvascular occlusion result in a predictable sequence of behavioral and functional abnormalities, which in some cases recover with time.
T

RAUMATIC injury to the spinal cord is associated
with a complex series of pathological events, including both primary and secondary components. ~ Immediately following spinal cord injury, paraplegia, loss of electrical conduction, and shifts in electrolytes have been documented. 8,9,2L2s These early alterations most likely are related to trauma-induced membrane dysfunction, 3'2~ but secondary damage to the microvasculature has also been suggested as an important component of the injury processfl '18 In several experimental studies, early endothelial damage has been shown to occur following spinal cord injury, 2'4'5'12 '15"16'19 with endothelial alterations appearing as early as 90 seconds after impact. Additionally, platelet aggregation and edema formation also appear to be early consequences of impact injury. 1'2'12 '13 It is clear that trauma-induced microcirculatory failure and edema formation could result in irreversible damage to the spinal cord.
The present study was undertaken to determine if reproducible graded spinal cord infarction could be produced in rats by a recently developed photochemical method. 27 This insult results in primary microvascular dysfunction with subsequent infarction within predetermined spinal cord areas. Specific aspects of interest include: 1) the subacute and chronic electrophysiological and behavioral consequences of four grades of injury; 2) the relationship of these functional consequences to the final pathological lesion size; and 3) the nature of the vascular alterations associated with the early stages of spinal cord infarction.
Materials and Methods
Animal Preparation
Male Wistar rats, each weighing 230 to 260 gm, were anesthetized with 4.5% halothane in a mixture of 02 and N20 (30:70) and were maintained with 1.3% halothane, through a closely fitting Mylar face mask. The tail vein was exposed and catheterized for the administration of the photosensitizing dye, rose bengal. The back was closely shaved and sterilized with Betadine solution. A midline longitudinal skin incision was made, followed by paramedian incisions into the paraspinal muscles to expose the underlying vertebrae (T6-10). The T-8 vertebra was chosen for photoirradiation. The animals were then positioned beneath the irradiation apparatus, which has previously been described in detail. 25 ' 27 For the present experiments, the apparatus previously used to induce spinal cord injury photochemically in rats 27 was slightly modified to produce a train of highpowered pulses by electromechanically gating a 300-W xenon lamp, run at its maximum output.* This modification significantly decreased the length of irradiation periods necessary to produce the desired insult. The transmitted beam was focused by a 75-mm focal-length fused silica lens. An interference filter, t mounted near the aperture of an electromechanical shutter, spectrally modified the incident visible beam to produce an exit beam centered at 560 nm (the absorption maximum of rose bengal) with a bandwidth of 60 nm. The beam shutter~ was mounted in a housing to which was attached a manual optical aperture, 1 in. in diameter. In the present studies the beam was gated on/off at 350/ 600 msec (37% duty cycle). The (peak) beam intensity during the open-shutter cycle was 2.2 W/sq cm, and the average intensity was 0.82 W/sq cm. A dual fan system was operated during irradiation in order to maintain physiological temperature in the irradiated spinal cord segments. The animal was covered up to the incision with a heating blanket, which helped to maintain the body temperature at 37* to 37.5~
Following irradiation, the incisions were closed in layers and the rats allowed to recover in their cages. In all rats, an antibiotic agent (cefazolin, 40 mg) was given intraperitoneally preoperatively and postoperatively for 2 weeks. The bladder was emptied twice daily by the Cred6 maneuver, until spontaneous evacuation occurred. Severely paralyzed animals were maintained on antibiotic therapy for the duration of the study period in order to ameliorate recurrent urinary tract infections.
Experimental Design
To produce the photochemical insult, a solution of rose bengal (30 mg/ml in 0.9% saline) was injected into the tail vein over a 5-minute period to yield a body concentration of 40 mg/kg. Immediately following the injection, animal groups were irradiated for various periods depending on the desired injury grade: four 
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were irradiated for 30 seconds; four for 1 minute; six for 5 minutes; and five for 10 minutes. A control group of five animals was prepared identically to those described above, injected with saline, and irradiated for 10 minutes. A group of animals injected with rose bengal but not irradiated has been previously described. 27 Baseline somatosensory evoked potentials (SEP's) were recorded 24 hours before the induction of spinal cord injury under pentobarbital anesthesia (35 mg/kg). Light anesthesia was maintained with supplemental doses as required. Subsequent to the induction of spinal cord injury, SEP's were measured on a biweekly basis for the duration of the experiment. Animals undergoing behavioral, electrophysiological, and histopathological analysis were allowed to survive for 8 weeks.
Neurological Evaluation
Neurological testing of the 19 rose bengal-injected irradiated animals and the control group of five rats was initiated 1 week after injury and continued each week thereafter for 8 weeks. Neurological function was evaluated by a scoring system similar to that described by Gale, et al., 1~ which combines the indices described below to yield a functional neurological score (or percent deficit) ranging from 0% for a normal rat to 100% for a completely paralyzed rat. The functional score is derived from the sum of the points allotted for each test (Table 1) . Motor function was evaluated by a modified Tarlov grading system, and consisted of observing the rat on an open field and grading spontaneous hindlimb movement (Table 1) . A water-bath test was used to evaluate locomotor function. Rats were placed in a glass water tank 37.5 cm deep, 60 cm long, and 30 cm wide. The water temperature was maintained at 37~ Spontaneous hind limb movement was observed and graded as shown in Table 1 . Animals were also subjected to testing by the inclined plane method of Rivlin and Tator. 23 The maximum angle at which the animal could maintain a stable position for 5 seconds on the inclined plane was recorded and graded (Table 1 ). Sensory function was tested by observing the hind-limb response of animals subjected to painful stimuli by pinching the skin on the dorsal foot pads with a hemostat. The observed withdrawal reflex was graded as shown in Table 1 .
Sornatosensorv Evoked Potentials
Summed responses to sciatic nerve stimulation were recorded from small stainless steel epidural electrodes overlying the corresponding hind-limb projection area of the somatosensory cortex. 17 A bipolar stimulating electrode was placed on the sciatic nerve just rostral to its bifurcation. The stimulus had a duration of 0.1 msec with a repetition rate of 1.1 Hz. The stimulus intensity was increased gradually until it was 1.5 to 2 times motor threshold. The recording system had a frequency reponse with 3-dB cutoff points at 100 Hz and 3 KHz. The computer averager was triggered by the synchronized pulse from the stimulator, and 128 responses were routinely summed over an analysis time of 52 msec. For a permanent record, averages were photographed on Polaroid film from the screen of the oscilloscope.
The cortical evoked responses analyzed consisted of the two positive peaks (PI and P2), each followed by corresponding negative peaks (NI and N2). Latencies were measured for each component wave, and waveforms were analyzed by interpeak amplitudes of the component waves. The cortical SEP recordings allowed us to evaluate the integrity of spinal cord afferent pathways.
Morphological Methods
Routine light microscopic analysis was carried out on animals 8 weeks following photoactivation. At this time, animals were reanesthetized with halothane and perfused transcardially at a pressure of 100 mm Hg with FAM (formaldehyde:glacial acetic acid:methanol, 1:1:8) for 20 minutes following a brief saline wash. Spinal cords were left in situ overnight at 4~ before removal. The cords were blocked in cross section and processed for paraffin embedding. Paraffin sections were then stained for histopathological analysis with hematoxylin and eosin and/or Luxol fast blue.
The lesion epicenter (area of maximum necrosis) was determined by computer-assisted planimetry of serial sections from the spinal cord. The histological sections were projected onto paper by a camera lucida attached to a Nikon light microscope. Intact tissue, including normal staining myelinated axons and gray matter were then traced and subjected to planimetric analysis using a digitizing table interfaced to a PDP 11/44 minicomputer.
Blood-Spinal Cord Barrier Assessment
To document early blood-spinal cord barrier disruption, a 2% saline solution of the protein tracer, Evans blue, was injected intravenously into the rats immediately following 10 minutes of irradiation. Thirty minutes later the rats were perfused transcardially with saline for 2 minutes. The spinal cords were then removed from the spinal column with the aid of a dissecting microscope, and placed in chilled buffered formaldehyde.
Electron Microscopic Analysis
For ultrastructural studies, rats were perfused transcardially immediately following a 5-minute irradiation period. These rats were initially perfused with 0.9% sodium chloride solution followed by 2% paraformaldehyde and 2.5% glutaraldehyde in a 0.1-M sodium phosphate buffer. Perfusion pressure was monitored throughout the procedure and was maintained at a pressure of 100 mm Hg. Following fixation, the cords were removed from the spinal column and placed in fresh chilled fixative (4~ for 2 hours. The cords were then sectioned into coronal blocks containing the irradiated areas. The blocks were returned to chilled 0.1-M sodium phosphate buffer (4~ for 2 hours. Specimens were dehydrated in graded ethanol preparations and propylene oxide and embedded in Poly-Bed 812. Sections 1 mm thick were cut with glass knives on a Sorvall ultramicrotome, then stained with toluidine blue and examined with a light microscope. Once the area of interest was selected, tissue blocks were trimmed and sectioned with a diamond knife on an ultramicrotome. These thin sections were then collected on 200-mesh copper grids, stained with uranyl acetate and lead citrate, and examined and photographed in a Zeiss EM-10C electron microscope.
Statistical Analysis
All data were analyzed using one-way analysis of variance with p < 0.05 being considered significant. Values are given as means _+ standard error of the means. The relationships between the lesion area at the epicenter, irradiation time, and the final neurological deficit (%) were analyzed using linear regression. Cortical evoked responses were analyzed with regard to latency and amplitude, and are described as a percentage of baseline. Analysis of variance was performed on the absolute values of the individual waveforms for latency (msec) and amplitude (mV).
Results
Control Group Findings
The five control rats (irradiated for 10 minutes following saline injection) demonstrated no behavioral or electrophysiological abnormalities during the course of the investigation. The functional neurological score for this group of animals was 0% at all time periods (Fig.  1 ) and SEP's demonstrated no change from baseline (Fig. 2) . The histopathological appearance of the spinal cord was unremarkable at 8 weeks following irradiation (Fig. 3a) . The white-matter tracts appeared intact, and (Fig. 1) . Behavioral testing over the course of 8 weeks resulted in 0% neurological deficit as assessed by the battery of tasks described in the Materials and Methods section (Table 1) . Electrophysiological function was impaired at 2 weeks following irradiation ( Fig. 2 and Table 2 ). This abnormality was associated with decreased amplitudes of all the wave components with a difference from the control levels of 75% for PrNI (p < 0.05), 82% for N,-P: (p < 0.05), and 92% for P2-N2 (p < 0.01). Increased latency of N2 was also seen at 2 weeks, with a difference of 72% from the control level (p < 0.01). One of the four animals in this group recovered to baseline; however, two of the four animals had isoelectric SEP's at 2 weeks, which in one animal recovered to baseline by 6 weeks only to deteriorate slightly at 8 weeks. In the other animal, there was some recovery of the evoked potential, but not to baseline.
Morphological lesion assessment at 8 weeks following irradiation revealed necrosis of the dorsal columns up to but not including the level of the corticospinal tracts, and to the posterior section of the dorsolateral funiculi (Fig. 3b) . There was also partial damage to the dorsal gray horns at the level of irradiation. Regions of necrosis included areas of gliosis with macrophage infiltration. White-matter tracts not appearing damaged displayed normal staining characteristics except for occasional vacuolation. Morphometric analysis of the lesion area at the level of irradiation revealed the total cross-sectional area of remaining normal tissue to be 2.19 _+ 0.20 sq mm. This value was significantly less than the control level (p < 0.01).
1-Minute Irradiation Group.
In contrast to the 30-second irradiation group, which showed no behavioral abnormalities, two of the four rats in the 1-minute group demonstrated mild behavioral abnormalities at 1 week (Fig. 1) . These subtle deficits included hyperactive responses to pain as well as minimal motor impairment. Because these abnormal consequences were not seen in all of the animals, a statistically significant difference between this group of rats and the control group was not demonstrated. At 3 weeks, no behavioral abnormalities were detected in three of the four animals; the 
potentials (SEP's). b e h a v i o r a l a b n o r m a l i t y in t h e o n e r e m a i n i n g a n i m a l c o n s i s t e d o f a n isolated s e n s o r y deficit. A severe c o n d u c t i o n b l o c k was p r e s e n t in all a n i m a l s at 2 weeks p o s t i n j u r y (Fig. 2 a n d T a b l e 2). T h i s c o nsisted o f a r e d u c t i o n in a m p l i t u d e s o f 8 1 % for P1-N~
(p < 0.01), 8 6 % for N I -P 2 (p < 0.01), a n d 9 5 % for P2-N2 (p < 0. the other. Although some recovery of electrical conduction occurred in these two animals by 6 weeks, the latency and amplitude were significantly different from baseline at 6 (p < 0.01) and 8 (p < 0.05) weeks, respectively.
01) c o m p a r e d to c o n t r o l levels. L a t e n c i e s were also altered at 2 weeks, w i t h t w o o f t h e four a n i m a l s h a v i n g isoelectric e v o k e d responses, w h i c h re-
Histopathological examination of the 1-minute irradiated rats demonstrated a consistent lesion involving the dorsal columns, including the corticospinal tracts and dorsolateral funiculi (Fig. 3c) . Necrosis of the dorsal gray horns and areas of intermediate gray matter were also observed while the ventral horns were spared. Within normal-appearing white-matter tracts, some vacuolation was noted. Morphometric analysis of the cross-sectional area at the level of irradiation was 1.46 _+ 0.20 sq mm. This area was significantly different from control specimens (p < 0.01) and from the 30-second irradiation group (p < 0.01).
5-Minute Irradiation
Group. The animals that underwent 5 minutes of irradiation demonstrated a severe functional neurological deficit of 76.6% +_ 2.1% at 1 week (Fig. 1 ). At this period there was no response to pain, and the rats were impaired as to motor function, maintaining a maximum inclination angle of 41.6 ~ _+ 3 ~ By 2 weeks, a significant (p < 0.05) degree of functional recovery had taken place. This was most prominent in the performance of rats on the inclined plane, which had significantly (p < 0.01) improved by 3 weeks. The final neurological deficit in this group of rats at 8 weeks postinjury was 45.8% + 0.8%, significantly different from the 1-week finding (p < 0.01). Electrophysiological assessment of these rats demonstrated a severe conduction block at 2 weeks postinjury, and consisted of an isoelectric evoked response which did not improve over time (Fig. 2 and Table 2 ).
Histopathological examination revealed ischemic necrosis involving all white-matter tracts except for the ventrolateral funiculi and ventromedial tracts of the anterior funiculi (Fig. 3d) . This region contained areas of extensive demyelination with vacuoles interspersed among regions of normal-appearing myelinated axons. The total cross-sectional area at the irradiated cord level was 0.41 _+ 0.06 sq mm, which was significantly different from the value in the 1-minute irradiation group (p < 0.05).
l O-Minute Irradiation Group. The group subjected to 10 minutes of irradiation was severely injured, and demonstrated a functional neurological deficit of 96% _+ 2.9% at 1 week, which did not significantly improve over the duration of the experiment (Fig. 1) . At 1 week, the neurological abnormalities were not significantly different from those in the rats irradiated for 5 minutes, but by 2 weeks they reached a significant level (p < 0.01) and remained significant for the 8-week study period. Evoked responses were absent in this group during the course of the investigation (Fig. 2 and Table  2 ) and were significantly different from the control results.
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demonstrated complete necrosis of the entire cord thickness except for a thin area of white matter located at the level of the ventromedial tracts of the anterior funiculi (Fig. 3e) . In these rats, the cross-sectional area of normal cord was 0.0901 _+ 0.01 sq mm. By one-way analysis of variance this value was not significantly different from the 5-minute group.
Blood-Spinal Cord Barrier
Thirty minutes following irradiation a central area of vascular stasis, bordered rostrally and caudally by blue-staining tissue, was apparent. Intense blue staining on the surface of the cord extended for 1 cm longitudinally. Cross sections taken through the irradiated zone demonstrated that the blue stain was present throughout the cord thickness. Although both white and gray structures were stained (Fig. 3f) , barrier leakage was more intense within the central gray matter.
Ultrastructural Examination
Transmission electron microscopic examination of tissue obtained from rats 5 minutes after irradiation demonstrated a high incidence of luminal platelets (Fig.  4a) and vascular congestion involving both surface and parenchymal vessels. Vascular alterations at this early time following irradiation were mainly restricted to the dorsal columns, dorsolateral fasciculus, and laminae 1 to 5 of the central gray matter. Platelets frequently were degranulated and had pseudopodia. Endothelial cells appeared swollen with sites of luminal discontinuity. There were many pinocytic vesicles lining both the luminal and abluminal endothelial membranes (Fig.  4b ). Perivascular edema with astrocytic swelling was also a common occurrence. Blood vessels displaying different degrees of luminal compression were detected in both gray and white matter. Neuronal cell bodies appeared relatively normal except for sites of perineuronal edema. Some degree of edema was also revealed within white-matter tracts in the dorsolateral fasciculus.
A significant correlation was demonstrated between the irradiation time and lesion size at the epicenter (r = -0.86; p < 0.001; Fig. 5a ). There was also a significant correlation with lesion size and the final behavioral outcome (r = -0.87, p < 0.001; Fig. 5b ).
Discussion
The results of this study demonstrate that a consistent progression of behavioral, electrophysiological, and histopathological abnormalities can be documented following photochemically induced spinal cord infarction. This experimental method of injuring the rat spinal cord is advantageous in that reproducible degrees of spinal cord infarction can be produced without laminectomy. Inasmuch as ischemia may be an important aspect of traumatic spinal cord injury, the present infarct model may also be useful in investigating this component of traumatic spinal cord injury.
The photochemically induced spinal cord lesion may colleagues, I~ rats demonstrated improvement by the 3rd week following injury. In our 5-minute irradiation group, histopathological study demonstrated that the lesion consistently involved the dorsal and dorsolateral funiculi; the ventral, ventromedial, and ventrolateral white-matter tracts did not appear to be severely damaged. In the rat, motor function is carried out primarily by the rubrospinal (flexor motoneurons), lateral vestibulospinal (extensor motoneurons), and corticospinal tracts. 24 Our morphological results demonstrate that some but not all of these tracts were severely damaged by this insult. Therefore, motor recovery might be the result of undamaged motor tracts taking over functions disrupted by the insult.
At 8 weeks following irradiation, significant differences in the final neurological outcome were documented in the 5-and 10-minute irradiation groups compared to control data. Significant differences between the neurological scores of the two groups were also demonstrated. This was especially true of motor performance as determined by inclined-plane stability scores. This difference in final behavioral outcome most likely resulted from histopathological damage to ventral motor tracts in the 10-minute irradiation group, which were spared in the 5-minute irradiation group. Although large degrees of white-matter destruction were associated with both experimental groups, no significant difference in lesion area at the epicenter was demonstrated.
Luminal platelet aggregation within the irradiated zone was an early consequence of the photochemical insult. This result is consistent with recent findings that platelet aggregation is an early consequence of photochemically induced cortical infarction. 7 ' 25 In that study, platelet aggregation was associated with endothelial membrane damage and blood-brain barrier disruption. 7,8 Rose bengal is the most efficient known generator of singlet oxygen, II which reacts with structural proteins and lipids to initiate direct peroxidation reactions within endothelial membranes. 22' z6 In the early stages of tissue infarction, occlusive platelet thrombi within surface and parenchymal vessels of the cord may directly suppress spinal cord blood flow. Additionally, because the vascular endothelium is the site of the blood-spinal cord barrier, photochemically induced endothelial disruption would also be expected to result in barrier breakdown and subsequent spinal cord edema. In the present study, Evans blue dye extravasation was observed at 1 hour following the photosensitizing period. Perivascular glial swelling was also an early consequence of the photochemical insult, and this, edema formation, and vascular compression are believed to be important factors in the genesis of tissue infarction in this animal model.
It is noteworthy that platelet aggregation, barrier breakdown, and edema formation are frequently seen following spinal cord trauma. 2' 12-14 Platelet adhesion and aggregation have been documented by Goodman and colleagues 12 1 89 minutes following impact injury in the primate. In their study, endothelial alterations included separation of endothelial tight junctions and basal lamina exposure. In a spinal cord injury model in cats, Kapadia 19 demonstrated the immediate disruption of endothelial cell junctions and increased pinocytotic activity within the endothelial cells at the injury site. Interestingly, blood vessels coursing within white-matter segments rostral and caudal to the traumatized site demonstrate similar alterations 2 hours following injury. In other studies, spinal cord edema first occurred in the gray matter at the site of injury and then spread into rostral and caudal white-matter tracts, la Leakage of Evans blue dye in the present study was more pronounced within the central gray region compared to the surrounding white-matter tracts. This consequence is likely due to the greater concentration of blood vessels in gray than in white matter. Interestingly, hemorrhagic necrosis involving this central gray matter was seen at 7 days in the present model following irradiation, z3 Whether similarities between the histopathological consequences of spinal cord trauma and spinal cord infarction imply common mechanisms of tissue destruction merits further consideration.
Conclusions
The present study has demonstrated that graded spinal cord infarction can be photochemically induced in rats. Although this method is based on an insult that results in primary microvascular injury without mechanical trauma, the behavioral, electrophysiological, and histopathological consequences are nonetheless similar to those reported in conventional trauma models. Our results demonstrate that, by varying irradiation times, selective white-matter tracts may be reproducibly damaged and as a consequence show a consistent pattern of abnormalities. Depending on the level of injury, functional deficits documented at early postinjury periods may or may not recover. The present experimental model therefore appears to be an advantageous method for determining mechanisms of functional recovery following reproducible spinal cord infarction. Finally, the model may also aid in the assessment of the role played by the microcirculation in spinal cord injury. Therapeutic strategies directed toward injury-induced abnormalities of spinal cord blood flow, as well as the role of edema formation in lesion propagation, may also be addressed.
